Refining grain size to the nanocrystalline level has been suggested as a way of improving strength while enhancing ductility and toughness. In the present study, nanocrystalline iron aluminide intermetallic compounds were synthesized using mechanical alloying, sintering and high velocity oxy-fuel (HVOF) thermal spraying from the elemental powders. The phase changes occurred during milling, thermal spraying and annealing studied from magnetic and structural points of view. XRD, SEM, DSC and dynamic ultra-microhardness tester were used for examining the microstructure, thermal stability, mechanical properties and wear behavior of the milled powders and coatings. The current results demonstrated that, by controlling the experimental conditions, it was possible to prepare iron aluminide intermetallic compound with nano-size grains.
Introduction
The ordered structure of intermetallic compounds exhibit attractive elevated temperature properties because of the long-range ordered superlattice which reduces dislocation mobility and diffusion processes. However, this reduced dislocation motion also results in extremely low ductility and toughness at ambient temperature. These problems could be overcome by processing materials with nanostructure. Thus, nanocrystalline materials have been attracting rapidly increasing interest during the last decade because exciting new mechanical and physical properties can be expected.
High velocity oxy-fuel (HVOF) thermal spraying has been demonstrated as a viable technique to producing fine-grained, homogeneous coatings. The powder to be sprayed is injected into the flame under pressure using an inert gas. Once in the flame the powder is rapidly and uniformly heated, and accelerated along the gun barrel nozzle towards the substrate, reaching a high velocity. On impinging the substrate, the heated powder particles deform, spread laterally to form many overlapping and connected lenticular splats or lamellae. The coating therefore builds up by the successive deposition of individual splats. The higher particle velocities achieved with HVOF spraying lead to less oxidation or volatilization with improving coating adhesion and lower porosity.
FeAl based materials are good candidates for use in medium to high temperature applications because of their excellent resistance to oxidation and sulfidation, good mechanical properties, low density, low cost and availability of raw materials. There is a large scope for research in producing massive parts of ultra-fine grained FeAl alloys. Recently, the processing of nanocrystalline intermetallic coatings by thermal spray of milled powders has been successfully achieved for Ni and Fe based alloys. [1] [2] [3] [4] The major advantage of this processing route is its cost effectiveness, which may rapidly lead to industrial application of nanocrystalline materials. Grosdidier et al. 4) prepared the nanocrystalline Fe-40Al coating with HVOF thermal spraying and found the hardness increased obviously as comparing with a conventional coating. In the present paper, the synthesis and characterization of nanocrystalline iron aluminide intermetallic compound powders, sinters and coatings are studied.
Experimental Procedures
Pure Fe (>99 at%, <75 mm) and pure Al (>99 at%, <150 mm) powders were prepared for the starting materials. About 30 g of elemental powders of Fe and Al in the atomic ratio of 50:50 were placed in the stainless steel containers of dry tumbler ball mill and milled under an Ar gas atmosphere from 18 to 540 hours. The carbon steel ball to powder weight ratio was 100:1, with a small quantity of methanol added to prevent excessive welding of the powders to the balls and container walls. The mass ratio between the raw metal powders and methanol was 100:3. The milled powders were pressed in a steel die with a pressure of 1.5 GPa and held for 3 minutes before slowly releasing.
An attritor was employed to prepare large amount of powder for the spraying, and the milling time is set as 15 h. The milled powder particles are too small to feed into the spraying flame. A procedure for the agglomeration of the powder into larger sized particles is necessary. Using a 1 mass% methyl cellulose solution in water, a slurry of the milled powder is formed. This slurry is annealed to form a solid block of the material. It is quite brittle and can easily be crushed into a powder form. After sieving, the particles with the size ranging from 37 to 250 mm were used for HVOF spraying. The coatings were prepared onto grit blasted low carbon steel substrate by the ST-4000 high velocity oxy-fuel spray torch with the following parameters: distance/200 mm, carrier gas pressure/1.17 MPa, oxygen pressure/0.151 MPa, powder feed rate/10 g/min.
Samples were examined in a variety of ways to determine structure, stability, magnetic, mechanical and wear proper-ties. A Rigaku diffractometer was used, with monochromated Cu K radiation, to determine the degree of mixing of the elemental powders during milling, and the grain size and lattice constant of the samples. The microstructure was characterized by scanning electron microscopy (SEM) coupled with energy dispersive spectrometry analysis (EDS). A Thermo Plus, DSC 82 differential scanning calorimeter was used, with about 50 mg samples, to determine the temperature where changes took place on heating the milled powders. Powder samples were loaded into Cu crucibles under argon and heated at a rate of 20 K/min. Following the indications of DSC studies, the ball milled specimens were annealed for 1 h at 300, 400, 500, 600 and 700 C in vacuum and then furnace cooled down to room temperature. The coatings were annealed for 4 h at 400, 800, 1000 and 1200 C in vacuum and then furnace cooled down to room temperature. Hardness testing was performed using a Vickers microhardness tester using a load of 100 g for 12 times to ensure obtaining a reasonably representative value of mechanical property. Dynamic mechanical property was evaluated with a dynamic ultra microhardness tester using a load of 25 g for 12 times. Both dynamic hardness and elastic modulus of coatings could be obtained by the measurement. A Nikon QM-2 high temperature hardness tester was used to measure hardness up to 500 C with a load of 100 g. The heating rate was 10 C/min, maintaining 15 minutes for each measured temperature. During hardness testing, closed porosity and micro-crack within the coating microstructure were avoided to ensure that measured values were a true representation of coating's hardness. Hysteresis loops, up to 1.19 MA/m, were performed using a vibrating sample magnetometer (VSM). An OTA-U wear machine was used to evaluate the wear behavior of the coating. The wear distance was fixed to 200 m, and the load varied from 2.1 to 18.9 kg. Figure 1 shows the XRD pattern of each powder processed by ball milling for various times. The peaks of Al and -Fe phases became weak with increasing milling time. The extent of mixing of elemental Fe and Al during milling leading to the formation of disordered FeAl compound can be determined from the relative intensities of the corresponding peaks during x-ray diffraction, as illustrated in Fig. 1 , where the disappearance of Al peak is evident after 72 h milling, and the milled powder had a broad pattern. The main peak angle shifted to a low angle with increasing milling time.
Results and Discussions

Characterization of milled powders
The XRD peaks for the milled powders exhibit a broadening and decrease in intensity that are associated with the development of both nanocrystalline structure and lattice strain in the powder particles. The grain size of -Fe of the powders can be estimated by Scherrer's formula and the results are shown in milling only produces a slight decrease in saturation magnetization as shown in Fig. 2 . That implies it is still ferromagnetic after a long time milling. This result shows that mechanical alloying induces a transition from a paramagnetic to a ferromagnetic state. Ordered Fe-Al alloys are known to become paramagnetic at room temperature for Al content over 33 at%. However, when the local atomic environment in these paramagnetic alloys is altered, by deforming or disordering them, they become ferromagnetic even for Al content over 50 at%. [5] [6] [7] [8] Amils et al. confirmed the transition from a paramagnetic to a ferromagnetic state in Fe-40Al at% alloy by ball milling. In the present study, the mixture of elemental powders is ferromagnetic, the decrease of magnetization implies the structural change from elements to a disordered FeAl alloy, and there is also a transition from a paramagnetic to a ferromagnetic state in this alloy because of deforming and disordering.
The change in appearance of powder with milling time is shown in Fig. 3 . The particles became large and lamellar in the initial milling stage (18 h milling) and plastic deformation of particles can be observed obviously. After this, refining and spheroidizing of the powder proceeded with further milling time. The powder became very fine (average particle size <3 mm) and approximately spherical after 54 h. There is an aggregative tendency for powder particles for a very long time milling as illustrated in Fig. 3(f) .
Structural evolution during annealing can be followed by DSC, as illustrated in Fig. 4 . A broad exothermic peak was observed. It corresponds to the ordering of poorly-ordered FeAl alloy by mechanisms of atomic-scale interchange and the movement of defects at low temperature, and the alloying of fine elemental layers to produce FeAl and the loss of various defects, recrystallization, and grain growth in the intermetallic at higher temperature. 9, 10) From such DSC analysis it is concluded that the disordered alloy powders transformed to ordered alloy after high temperature annealing.
Characterization of compacted samples
XRD on compacted samples annealed for 1h at various temperatures are performed and typical patterns are shown in alloy was observed when annealed at 400 C for 18 h MA sample, its intensity increases and other peaks were observed with the increase of annealing temperature, and the main phase is FeAl compound for the sample annealed at 700 C. For 240 h MA sample, the broad main peak of FeAl became sharp and the intensity of other peaks increased.
The compacting process showed that it is easy to get a perfect form of green sample for samples milled at short time, since they are composed of a mixture of intermetallic and metals and would be deformed easily. However, the compounds are still separated particles for samples milled at long time, as shown in Fig. 6 size of FeAl with increasing annealing temperature for 116 h and 240 h MA samples, as illustrated in Fig. 7 . However, the grains growth is somewhat different for 18 h MA sample, the grain size of -Fe increases initially and decreases afterward, corresponding to the phase change from -Fe to B2 FeAl. The lattice constants of FeAl of these three samples approach to the equilibrium value of B2 FeAl intermetallic compound with increasing annealing temperature. It should be pointed out that there exist two phases, FeAl and -Fe, in the 18 h MA sample annealed at 700 C, and their lattice constants are 0.29103 nm and 0.28668 nm, respectively. The saturation magnetization measurements showed the decrease of the magnetization with annealing temperature, which approaches zero when annealed at 700 C. This fact implies the transition from ferromagnetic to paramagnetic state for FeAl alloy, thus, FeAl alloy could be an ordered intermetallic compound after annealing at high temperature. Another reason for the decrease of saturation magnetization is the reaction between Fe and Al, especially for 18 h MA sample. The relation of microhardness with annealing temperature is also shown in Fig. 7 . There is no simple relation for these samples. It increases with increasing annealing temperature for the overall temperature range. The releasing of strain may induce the decrease of microhardness. Increasing annealing temperature will induce the formation of ordered intermetallic compound, which may enhance the hardness of the samples. Figure 8 shows the dependences of microhardness, lattice constant, saturation magnetization and grain size on milling time for compacted samples annealed at 700 C. The grain size and saturation magnetization decrease smoothly with increasing milling time, which is similar to the as-prepared powder as shown in Fig. 2 . The lattice constant of FeAl increases and approaches to the equilibrium value of B2 FeAl with increasing milling time except the 18 h MA sample annealed at 700
C. There is a phase transformation during annealing for this sample, however, it is the disordered to ordered state transition for other samples. Correlation between microhardness and grain size is not obvious. The dense degree may be the main reason for this relation. Samples with both high density and intermetallic structure may have high hardness. High porosity in samples milled at a long time may reduce its microhardness.
Coating microstructure
The tumbler ball milling experiment confirms that it is possible to prepare nanostructured intermetallic FeAl powder from elemental powders by mechanical alloying. In order to prepare enough powder for the spraying, high energy mechanical alloying (HMA), attritor ball milling is used. The XRD pattern of the milled 15 h powder is shown in Fig. 9 , it is similar to that of the tumbler ball milled 106 h powder. The lattice constant and grain size of FeAl are 0.28870 nm and 4.9 nm, respectively. Since the obtained powder is too fine for spraying, agglomeration of the powder is necessary. The structure of the agglomerated powder is almost the same as the milled powder as shown in Fig. 9 . The lattice constant and grain size of FeAl are 0.28861 nm and 5.5 nm, respectively. The morphology of the agglomerated powder is shown in Fig. 10 .
The HVOF spraying technique is used to build up the coatings. The XRD patterns collected from the deposited coating's top surface after polishing are shown in Fig. 9 . Except the main phase, B2 FeAl, there is another phase, FeO, although the amount of this phase may be very small. It is indicated that oxidizing of iron has occurred during spraying. The lattice constant and grain size of coatings are about 0.29043 nm and 8.6 nm, respectively, which reveals the relaxation of lattice and grain growth. The saturation magnetization of the coating is about 65 emu/g, which indicates that the coating contains essentially a fairly disordered FeAl phase.
SEM of the coating cross-section and surface, Figs. 11(a) , (b) and (c), reveal good homogeneity and uniformity. The thickness of the coating is about 800 mm. The coating has the typical lamella microstructure associated with HVOF thermal spraying. The microstructure of coating surface shows a continuous morphology of overlapping lamellae with good homogeneity, although non-uniform in morphology due to the presence of nodules. The individual splats are elongated and irregular in shape, and are clearly visible within the coating where their morphology can be well different from one area to another. Closed pores within the coating are evident. EDS analysis reveals that the Al content is maintained almost the same as that of the powder, from 47 to 53 at%.
Mechanical properties
The average values of Vickers microhardness of the coating section and surface are 7.26 and 7.16 GPa, respectively. The hardness of the bulk FeAl intermetallic compound is about 5.10 GPa, 11) and 4.23 GPa for Fe 50 Al 49 Cr. 12) Moreover, changes in hardness of Fe-40Al powders during milling and during subsequent annealing have been examined by Amils et al. 13) They found the hardness increases from 5.19 GPa, hardness of the starting powder, to 8.82 GPa after high energy milling for 72 h Grosdidier et al. 4) have compared the hardness values for the Fe-40Al HVOF coatings and extruded bar. They found that the overall hardness of the nanocrystalline coating (about 3.82 GPa) is more than 35% higher than the hardness of its ''conventional'' microcrystalline counterpart obtained by spraying atomized powder (about 2.84 GPa), and the nanocrystalline coating hardness is of the same order as that of the extruded bar having a grain size of 1.3 mm. In some special zone, the hardness is as high as 5.37 GPa. For the bulk Fe-40Al intermetallic compound, the hardness is reported as 2.60 GPa for fully dense sample 14) and 2.79 GPa for forged sample. 15) Although the indentation load is different, for example, 300 g in Ref. 4) , the hardness in the present work is much higher than others. This indicates that hardness of the coating is improved greatly by reducing the grain size to nanometer. Heat treatment may induce the growth of the grain size, so the obtained coatings are heated at different temperature for 4 h to check their thermal stability. Figure 12 shows the XRD patterns of coatings after heat treatment. As compared with the as-prepared coating, the broadened main peak is narrowed with increasing heat treatment temperature, and the oxidation product changes from FeO to Fe 2 O 3 for annealing at high temperatures. With increasing annealing temperature, the lattice constant of FeAl decreases and grain size increases monotonically, as shown in Fig. 13 . The section and surface microhardness of these coatings are also measured and also shown in Fig. 13 . They decrease with increasing heat treatment temperature. In general, the hardness of coating is evaluated on its cross-section. The variation of section microhardness as a function of grain size is shown in Fig. 14 . The hardness increases linearly with the reciprocal square root of the grain size, and a Hall-Patch behavior is thus demonstrated over this range of grain sizes.
The loading-unloading curve can be recorded for the whole process with the ultra microhardness tester, and both dynamic hardness and elastic modulus can be determined from this curve. Figure 15 shows a typical loading-unloading curve of the surface of the as-prepared coating. The values of dynamic microhardness are lower than those of static one. The elastic moduli are 159 and 176 GPa for the coating surface and section, respectively. The Young's modulus of bulk FeAl is not strongly dependent on composition with values typically 250 GPa for 40-49 at%Al and decreases linearly with increasing temperature. 16) The present values of elastic modulus are much lower than those of the bulk material. The HVOF thermal sprayed coating may not exhibit the same mechanical behavior as bulk material due to porosity and microcracks within the coating microstructure, these defects reduce the hardness and elastic modulus. Nieman et al. 17) have reported that the hardness of the nanostructured Pd samples ranges from 2.4 to 3.7 GPa compared to the hardness of a coarse-grained one of 0.8 GPa, and hardness for the nano-grain Cu samples ranges from 0.9 to 2.3 GPa compared to 0.5 for a coarse-grained samples. Moreover, the typical value of Young's modulus for both the nanostructured Cu and Pd samples is about 47 GPa compared to 120 GPa for conventional Pd and 130 GPa for conventional Cu. Thus, the elastic modulus of nanostructured material is reduced obviously as comparing with the conventional crystalline, which is another factor for reducing the elastic modulus of the present coating. Figure 16 shows the effect of annealing temperature on elastic modulus and dynamic microhardness. Both of them decrease with increasing annealing temperature, similar to the temperature dependence of static microhardness. Since there are too many porosities in the coating as shown in Fig. 17 , a very low value of modulus or hardness is observed for the sample treated at 1200 C. Figure 18 shows the high temperature hardness of the coating surface. With increasing measured temperature, the hardness decreases monotonically. Although it shows a similar temperature dependence as static or dynamic hardness, the high temperature hardness decreases much more rapidly. Figure 19 shows an approximately linear relation between the abrasive load and volume loss. According to the HolmArchard relation, wear rate can be determined from the slope of the fitting line, they are about 0.03285 and 0.00402 mm 3 / kg for low carbon steel and FeAl, respectively. Here, the low carbon steel used is bulk material. These data imply that wear rate of the present FeAl coating is an order of magnitude lower than that of low carbon steel. This is attributed to the denser, ultra-fine grain size, and more adherent coating associated with HVOF thermal spraying.
Wear behavior
The wear tracks of as-prepared FeAl coating and low carbon steel for different loads are shown in Fig. 20 . Inspection of these micrographs shows no difference in the operative wear mechanisms. Material removal occurs primarily via micro-plowing and micro-cutting, which indicates a ductile mechanism for coating removal. Similar behavior has been observed in the abrasive wear of various bulk FeAl alloys.
12) Although this material is very brittle at room temperature, the predominant wear process is plastic deformation and not fracture.
Conclusions
The present study has examined the synthesis and characterization of FeAl intermetallic compound with nanocrystalline grain sizes.
The ball milling process involves the loss of long range order and reduced crystallite size, which induce a transition from a paramagnetic to ferromagnetic state. This contribution is linked to the modifications produced in the electronic band structures. It is considered that mechanically alloyed FeAl is not perfectly ordered, due to atomic displacement and lattice defects, and the ordered component increased by annealing. High annealing temperature is necessary to make the perfectly ordered structure.
Using HVOF thermal spraying, it is possible to deposit high quality FeAl coating from the milled powders. The coating contains essentially a fairly disordered FeAl phase having a nanocrystalline grain size and small amounts of oxides. The hardness of this nanocrystalline coating is much higher than that of a conventional coating and bulk material, and the elastic modulus is lower than that of bulk material. The hardness and elastic modulus of this coating decreases monotonically with the increase of annealing temperature, softening is induced by the loss of the disorder hardening and grain growth. The coating shows a very low wear rate, and the morphological examination of the coatings surface suggests a ductile mechanism for coating removal.
